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lating factor antibody following application of 12-O-tetradecanoylBecause of the affinity of arsenic for SH groups and its binding phorbol 13-acetate in these transgenic mice significantly reduced to keratin (Lindgren et al, 1982) , skin is a critical organ in arsenic the number of papillomas: this supports the role of keratinocytetoxicity. A wide variety of skin lesions have been associated with derived growth factors in arsenic-induced skin toxicity (Germolec arsenic toxicity, particularly from chronic exposure in drinking et al, 1997) . The mechanism(s) responsible for the induction of water and certain types of occupational exposure. A characteristic cytokines by arsenic exposure is, however, unknown. It has been known for many years that several sulfhydryl-containing proteins and enzyme systems are altered by exposure to arsenic. In Manuscript received April 1, 1999; revised June 21, 1999 ; accepted for particular, arsenic affects mitochondria enzymes and impairs tissue publication July 22, 1999. respiration (Brown et al, 1976 (Mitchell et al, 1971) . We have 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid; EMSA, recently shown that mitochondria play an important part in skin electrophoretic mobility shift assay; NF-κB, nuclear factor-κB; Rot, rotenone; AU, arbitrary unit of fluorescence. Cell culture and treatment The C3H mouse-derived keratinocyte cell line HEL30 (kindly supplied by Dr N.E. Fusenig, Cancer Research Center, Heidelberg, Germany) was cultured as previously described (Corsini et al, 1994) . Cells were maintained in RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine serum (Sigma), penicillin (100 U per ml), and streptomycin (100 µg per ml) (medium) at 37°C in a 5% CO 2 humidified incubator.
Cells were grown to confluence, as judged by optical microscopic observation (µ5.2 Ϯ 1.2 ϫ 10 5 cells), in a 24-well plate (Corning, NY). Monolayers were washed once with medium and treated with 0.3 ml of (A) Confluent HEL30 cells treated for 24 h with increasing concentrations medium containing different concentrations of As (0.5-100 µM) dissolved of As. (B) Confluent HEL30 cells treated for different times with As in distilled water or with water alone as the vehicle control. After different 100 µM. In the insets the release of IL-1α in cultured medium is reported.
times of incubation, the culture medium was recovered and centrifuged Results are expressed in pg per mg of protein of the cell extracts. n.d. ϭ for determination of IL-1α release enzyme-linked immunosorbent assay not detectable. Each value represents the mean Ϯ SD of three to four (see below). The monolayers were washed once with phosphate-buffered determinations. Statistical analysis by Dunnett's test, *p Ͻ 0.05 and saline (PBS) and lysed in 0.3 ml of PBS containing Triton X-100 (0.5%), **p Ͻ 0.01 versus control cells (0). and the intracellular IL-1α was determined. For proliferation studies, 1.5 ϫ 10 3 cells per well were seeded on to 96-well flat-bottom plates in 100 µl of medium containing different concentrations of As. A neutralizing antibody against murine have shown (Corsini et al, 1996a ) that the skin irritant tributyltin (Genzyme, Cambridge, MA) at 1:200 dilution was added to the medium to (TBT) induces both in vivo and in vitro a dose-related production of assess the role of As-induced IL-1α production in keratinocyte proliferation.
IL-1α. In vitro, IL-1α production by TBT is preceded by the generaAfter 48 h the cells were pulsed with 1 µCi per well of 3 H-thymidine tion of reactive oxygen species (ROS), which activate nuclear factor (specific activity 47 Ci per mmol; Amersham, Little Chalfont, U.K.) and (NF) -κB (Corsini et al, 1996b) . Blocking mitochondria metabolism incubated for a further 24 h. The cells were then collected on to glassresulted in a dramatic reduction of TBT-induced NF-κB activation fiber filters using an automated cell harvester (Dynatech Minimash 2000, and IL-1α production, which indicated that mitochondria act as PBI, Milan, Italy), and 3 H-thymidine incorporation was quantitated by mediators of TBT effects and gene-regulatory signaling pathways liquid scintillation counting. Results are expressed in counts per minute. (Corsini et al, 1996b) . We speculated that disturbance of mitochondria activity by arsenic, may divert electrons from the respiratory chain Oxidative activity in living cells For the measurement of oxidative activity (see below) cells were grown to confluence on sterile round glass into the formation of the kinds of ROS known to be involved in the slips (Knittel Glaser, Germany) in a 24-well plate. The cells were washed activation of transcription factors and production of cytokines (Ilnicka once with Hank's balanced salt solution without phenol red, calcium, or et al, 1993; Lee and Ilnicka, 1993; Baeuerle and Henkel, 1994) . Here, magnesium (HBSS), containing 2% of bovine serum albumin and loaded we demonstrate that one of the earliest intracellular events following with DCFH 10 µM (stained) or dimethylsulfoxide (unstained) for 1 h at As treatment is the generation of ROS by mitochondria followed by 37°C. Cells were then washed once with HBSS and oxidative activity was activation of transcription factors, which confirms mitochondria as assessed as follows. Glass coverslips in quartz cuvettes containing 2 ml of an important target in As toxicity. We were able to correlate these HBSS were treated with different concentrations of As or with water as early events with a later increase in IL-1α and cellular proliferation. mitochondria, we treated cells during the loading period with BAPTA (0.1 ml) at different dilutions or recombinant murine IL-1α (Genzyme) were added for 1 h at room temperature. After three washes, 0.1 ml of (10 µM), a calcium chelator, or with rotenone (20 µM), an inhibitor of complex-I, for 1 h and then exposed the cells to 10 µM in As or water as rabbit anti-murine IL-1α antibody (Genzyme, diluted 1:800) was added to each well for 1 h and then 0.1 ml of goat anti-rabbit IgG conjugated vehicle control. Oxidative activity was measured after 30 min with alkaline phosphatase (Sigma, diluted 1:2000) for 1 h at room temperature. p-Nitrophenylphosphate (Sigma) was used as the substrate, Role of mitochondria in IL-1α production To assess the role of mitochondria in As-induced IL-1α production we used two different and the absorbance was measured at 405 nm. The limit of sensitivity for this assay was 15 pg per ml. Preliminary studies showed that As did not strategies. First, confluent cells were treated for 1 h with rotenone (20 µM) and then exposed to As or water for 24 h. In addition, to confirm the role interfere with the enzyme-linked immunosorbent assay. of mitochondria as intracellular signal transducers of As, we disabled the functional mitochondria as previously described (Corsini et al, 1996b) .
Preparation of nuclear extracts and electrophoretic mobility shift assay Nuclear extracts were prepared essentially as described by Schreiber Briefly, 10 5 cells per ml were plated in a 24-well plate dish and treated for 5 d with ethidium bromide (200 ng per ml) in medium supplemented et al (1989) . Confluent cells in 60 mm Petri dishes were washed once with cold PBS and 2 ml of a hypotonic lysis buffer was added to each dish with glucose (4.5 mg per ml) and uridine (5 µg per ml), as respirationdeficient cells have been reported to become pyrimidine auxotrophs (King (buffer A: 10 mM HEPES, pH 7.8, 10 mM KCl, 1 mM dithiothreitol, 0.1 mM ethylenediamine tetraacetic acid, 0.1 mM ethyleneglycol-bis (β-and Attardi, 1989) . At this time, cells were confluent; they were treated with As or water for 24 h and intracellular IL-1α was measured. Results aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid, 0.5 mM phenylmethylsulfonyl fluoride). Cells were incubated on ice for 15 min, then 125 µl of a are expressed as percentage of control.
10% Nonidet p-40 (Sigma) solution was added, and cells were scraped, mixed for 15 s and then centrifuged for 30 s at 11,000 ϫ g. The pelleted Enzyme-linked immunosorbent assay Costar 3690 plates (Costar, Cambridge, MA) were coated overnight at 4°C with 0.1 ml of monoclonal nuclei were washed once with 400 µl of buffer A plus 25 µl of 10% NP-40, centrifuged and then suspended in 50 µl of buffer C (50 mM HEPES anti-murine IL-1α antibody (Genzyme) diluted to 1 µg per ml in PBS. PBS containing Tween 20 (0.05%) was used to wash the plates. The pH 7.8, 400 mM NaCl, 1 mM ethylenediamine tetraacetic acid, 1 mM, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride), mixed for washed plates were blocked with 0.1 ml of PBS containing bovine albumin (0.5%) and Tween 20 (0.05%) for 30 min at room temperature. Samples 20 min, and centrifuged for 5 min at 11,000 ϫ g. The supernatant containing nuclear proteins was harvested and its protein concentration was determined, and it was then stored at -80°C until used in electrophoretic mobility shift assay. Electrophoretic mobility shift assay was performed as follows. Binding reaction mixtures (20 µl) containing 5 µg protein of nuclear extract, 0.5 µg poly(dI-dC). poly(dI-dC) (Sigma), 10,000 cpm 32 P-labeled probe in binding buffer (10 mM HEPES pH 7.9, 50 mM NaCl, 1 mM ethylenediamine tetraacetic acid, 1 mM dithiothreitol, 10% (vol/vol) glycerol, 1% Ficoll, and 0.2 µg per ml albumin) were incubated for 30 min at room temperature before separation in a 7% acrylamide gel in 1 ϫ Tris borate ethylenediamine tetraacetic acid followed by autoradiography. A double-stranded oligonucleotide containing the binding site for NF-κB (5Ј-GTCTCGCAATTCCCCTCTCTCAG-3Ј) or for activator protein (AP) Ϫ1 (5Ј-TGATGAGTCAGCCG-3Ј) was labeled with α-32 P-dATP (Amersham) using T4 polynucleotide kinase (Amersham).
Electron microscopy HEL30 cells were treated for 1 h with rotenone (20 µM) and then As (50 µM) or water were added. After 30 min the cells were fixed in 3.3% glutaraldehyde in 25 µM phosphate buffer for 1 h at 4°C, then treated with 1% osmium tetroxide in phosphate buffer for 1 h at 4°C and dehydrated and embedded in Araldite epoxy resin. and **p Ͻ 0.01 versus control cells. Table I . Rotenone, but not BAPTA, suppresses As induces IL-1α production and increases keratinocyte As-induced cellular oxidative activity proliferation A murine keratinocyte cell line (HEL30) was Cellular oxidative activity (AU) a examined for its response to As. Figure 1 shows that As induced a concentration- (Fig 1A) and time- (Fig 1B) related increase in
RESULTS

Control
As 10 µM cell-associated IL-1α. Intracellular IL-1α increased at concentrations as low as 2 µM and reached a plateau following 3 h of treatment.
Experiment 1 The release of IL-1α was detectable only at higher concentrations
No rotenone 32 Ϯ 8 1 1 7Ϯ28* of As (Ͼ 10 µM; Fig 1A, inset) and it was preceded by an increase ϩ Rotenone 32 ϩ 10 42 Ϯ 7** in intracellular IL-1α (Fig 1B) . As 100 µM induced a slight Experiment 2 reduction (15%) in cell viability as assessed by 3-(4,5-dimethylNo BAPTA 16 Ϯ 4 8 9 Ϯ 5 * thiazol-2-yl)-2,5-diphenyl-reduction, whereas no cytotoxicity was ϩ BAPTA 6 Ϯ 3 7 2 Ϯ 17*
observed at the other concentrations tested (data not shown). IL-1α seems to be the most important cytokine in the epidermis a Confluent cells were treated, in two independent experiments, for 1 h with capable of initiating the inflammatory hyperplastic process rotenone (20 µM) or with BAPTA (10 µM), and As (10 µM) or water (as vehicle control) was then added. The cellular oxidative activity was measured 30 min after (Gniadecki, 1998) . To confirm that the induction of IL-1α by As treatment. Each value represents the mean Ϯ SD of three determinations. Statistical is associated with keratinocyte proliferation, the effect of As analysis was performed by Student's t test. *p Ͻ 0.01 versus relevant control and on cell proliferation was assessed my measuring 3 H-thymidine **p Ͻ 0.01 versus cells treated with As alone.
incorporation. As, as shown in Fig 2, induces a dose-related increase in keratinocyte proliferation, which could be suppressed source of ROS induced by As. A role for calcium ions can be by an anti-murine IL-1α antibody. This confirms the ability of ruled out, as BAPTA, a calcium chelator, did not affect As-induced arsenic to induce keratinocyte growth-promoting cytokines, which ROS production ( Table I) or IL-1α production (data not shown). are likely to play a significant part in arsenic-induced skin hyperWe then assessed the ability of As to activate transcription factors. keratoses and cancer.
Both NF-kB and AP-1 were activated by As 30 min after treatment (Fig 5) , and this preceded IL-1α production.
Role of mitochondria in As-induced intracellular IL-1α
To confirm the pivotal role of mitochondria in As-induced ILproduction It has been known for some years that arsenic affects 1α production, we again used rotenone as well as cells depleted of mitochondria enzymes and functions (Brown et al, 1976) . Indeed, functional mitochondria by ethidium bromide treatment (Corsini treatment of HEL30 cells with As 50 µM resulted in rapid (30 min) et al, 1996b) . Confluent keratinocytes were treated with a noncytoand dramatic morphologic changes in mitochondria: the organelles toxic concentration of rotenone (20 µM). Rotenone completely completely lose their internal organization (Fig 3b) , confirming abrogated the intracellular increase of IL-1α induced by 10 µM As mitochondria as an important intracellular target of As. These (Fig 6a) . Furthermore, in cells depleted of functional mitochondria alterations can be prevented by a prior treatment with rotenone the addition of 10 or 50 µM As resulted in no induction of IL- (Fig 3d) , an inhibitor of the entry of electrons from complex I to 1α, whereas in the absence of ethidium bromide As-induced a ubiquinone; this suggests the diversion of electrons from the dose-related increase in intracellular IL-1α (Fig 6b) . This confirms respiratory chain as a possible cause of mitochondria alterations.
the essential role of mitochondria as mediators of As effects and Disturbance of the proton gradient can also result in the formation gene-regulatory signaling pathways. of ROS, which are known to be involved in the activation of transcription factors and production of cytokines (Ilnicka et al, DISCUSSION 1993; Baeuerle and Henkel, 1994) . The ability of As to increase cellular oxidative activity was measured by a specific fluorimetric This study has demonstrated the pivotal role of mitochondria as mediators of As-induced IL-1α production and gene regulatory assay. A dose-related increase in cellular oxidative activity was detected 15 min after treatment with As; only As at 50 µM induced signaling pathways. The concentrations of As used in this study were in the range reached in drinking water (0.01-3 mg per liter, a slight increase 5 min after treatment (Fig 4) . The increase in cellular oxidative activity induced by As can be completely abrogated by equivalent to 1.5-90 µM). The natural concentration of total arsenic in drinking water varies. In unpolluted areas of the world rotenone (Table I) , indicating mitochondria as the intracellular it is generally below 0.01 mg per liter, but high levels of arsenic, eventually results in hyperkeratosis and cancer. In our in vitro system, we were able to demonstrate the ability of As to increase Ͼ 3 mg per liter, have been found in water from polluted areas or with arsenic-rich bedrock (WHO, 1981) . The oxidation state of cell proliferation as well as its modulation by a neutralizing antibody against IL-1α, which again supports the role of this cytokine in arsenic in the water involved is generally not known. It is likely, however, that trivalent arsenic (arsenite, As(III)) and pentavalent the pathologic proliferation of keratinocytes.
As to the mechanism of toxicity, inorganic arsenic has been shown arsenic (arsenate, As(V)) would have similar effects, as absorbed arsenate is to a large extent reduced in the blood to arsenite to cause impaired tissue respiration in vivo. It inhibits enzyme activity by reaction with the sulfhydryl groups of proteins. In particular, (Yamauchi and Yamamura, 1979; Vahter and Envall, 1983) .
We showed that As induced a dose-and time-related IL-1α suppression of nicotinamide adenine dinucleotide-linked substrates (pyruvate, glutamate, and α-ketoglutarate) appears to play a crucial production in murine keratinocytes. Statistically significant increases in intracellular IL-1α could be detected at concentrations as low part in the toxicity of As. Pentavalent and trivalent forms of arsenic exert similar effects in the inhibition of mitochondrial respiration as 2 µM, whereas concentrations Ͼ 10 µM induced cellular release of IL-1α. It is well documented that dysregulation of the IL-1 and uncoupling of mitochondrial oxidative phosphorylation. The mechanism of this inhibition is not clear: one possibility is that arsenate system may play a part in the initiation of cutaneous inflammatory hyperplastic diseases, such as psoriasis, inflammatory allergic diseases, is reduced by the mitochondria to As(III) and that inhibition occurs through the formation of a complex with the lipoic acid cofactor that chronic wounds, etc. (Gniadecki, 1998) . Interestingly, transgenic mice that express high levels of IL-1α or the IL-1 receptor develop is necessary for oxidation of the substrate (WHO, 1981) . Preliminary data (not shown) indicate that this could be the case in our system, an exaggerated inflammatory and hyperproliferative response (Groves et al, 1995 (Groves et al, , 1996 . IL-1α may also induce the production where lipoic acid can indeed inhibit in a dose-related manner As(V)-induced IL-1α production in HEL30 cells. of other keratinocyte growth factors such as transforming growth factor-α (Lee et al, 1991) , granulocyte/macrophage-colony stimulat-
The uncoupling of mitochondrial oxidative phosphorylation induced by As could divert electrons into the formation of ROS. ing factor, and IL-6. Furthermore, IL-1 may induce fibroblasts to produce factors, such as keratinocyte growth factor and hepatocyte Indeed, we showed that As induces a dose-and time-related increase in cellular oxidative activity. Early investigations with isolated mitogrowth factor that support keratinocyte growth (Maas-Szabowski, 1996) . Thus, the ability of As to induce IL-1α production in chondria showed that ubiquinone is the major source of ROS derived from the mitochondrial chain (Cadenas et al, 1977) . Inhibition of keratinocytes may initiate in vivo the pathologic process that
